Abstract-The performance of gearless servo drives is significantly degraded by mechanical resonances in the system. For applications the parameters of the mechanical resonances of a drive are not known a priori. In order to improve the identification process of resonance frequencies this article introduces a simple and efficient real-time capable algorithm to detect multiple resonance frequencies in a single identification run. The algorithm will be implemented using a digital signal processor which runs on a frequency inverter. It uses the frequency neighborhood to compute peaks. The performance of the algorithm is shown with a synthetic multisine signal and a measurement on a machine, where a workpiece is mounted on a direct torque round table.
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I. INTRODUCTION
Servo motors are commonly used in industrial fields such as robotics or machines. An industrial system using a servo motor usually includes several other parts, for example a frequency inverter, a gear, an encoder and a mechanical plant.
Regarding machines, workpieces can be mounted on a round table. They typically cannot be treated as an endlessly stiff connection due to high gains in the controller. Thus, the mechanical plant includes an elastic coupled load which will lead to resonances in the machine and thus degrade the performance, because it can lead to high position tracking errors.
Unknown resonances require a robust control design. The most common way is to reduce the controller gains which will lead to poor tracking performance.
The traditional servo motor system includes a gear. When direct drives are used no gear is present in the system. This leads to an increased impact of mechanical resonances in the control system, thus increasing the demand to dampen those resonances. In machines different workpieces shall be processed which results in different plant settings (masses, stiffnesses and dampings). The plant characteristic is typically a two-or three-mass system.
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A common control optimization attempt is the direct identification of mechanical resonances without generating a parameterized plant model. If the mechanical resonance parameters can be identified (mainly resonance frequency and damping), a notch filter can be used to dampen the resonance. This has been shown in [1] . The main benefit of this approach is that no a priori knowledge of the plant is required.
[2] has already discussed different frequency identification algorithms ( [3] , [4] , [5] ). [6] gives a good overview of different methods to dampen vibrations with adaptive regulations. [2] has proposed a modified Scanning-Algorithm based on [7] which uses a band-pass filter to identify the frequency response of a signal. This method will be used in this paper to detect multiple resonance peaks in the spectrum.
The identification of peaks has gained a lot of interest for the detection of harmonic and inter-harmonic signals in power systems. [8] gives a good overview on different methods to estimate stationary and time varying signals for harmonics and interharmonics. In [9] , an improved FFT algorithm was used to identify power system harmonics and interharmonics.
Notch filters are effective to dampen resonances that occur in servo machines. This is especially important when the plant characteristics change significantly due to different workpieces mounted on round tables. To increase the overall machine performance all significant resonances have to be identified and damped to be able to increase the controller gain. This paper transfers the aspect of detecting multiple peaks to design notch filters for servo machines in one identification process and thus decreases the identification time.
Section II gives an overview of the used system. Section II-B introduces some key aspects of resonance peaks modeling. Section III introduces the proposed algorithm capable to detect multiple resonance peaks in one identification run. The prove of concept is done with a synthetic signal in Section IV and afterwards transferred on an industrial machine in Section V. These tests are performed on a gearless direct torque drive in the presence of multiple resonances, which will be detected with the proposed algorithm. The control system consists of three cascaded PI controllers for current, speed and position. The position and speed feedback will be generated from an encoder attached to the torque drive. Therefore the mechanical resonances will mainly affect the position and derived speed feedback. Fig. 1 shows a simplified block diagram of the used control system. The position reference will be generated by a software shipped with the machine. The measured position ('M' referring to the motor position) describes the actual position of the round table seen on the motor side, which will be fed into the position PI controller 1 ( ) . The variable ̇ describes the measured speed, u is the output of the speed PI controller 2 ( ) and describes the current reference. The superscript 'q' is typically used in field-oriented current control topology, which is used in this paper, and denotes the current perpendicular to the electric motor field. This current is approximately proportional to the resulting motor torque, if parasitic electrical effects such as cogging and reluctance are neglected. The mechanical resonances can be dampened in the current reference signal statically with the block called 1 ( ) as shown in Equation 1:
A. Modelling the Control Plant
For the sake of simplicity the plant ( ) includes the current controller, the electrical plant (from current to a mechanical torque in the motor) and the mechanical plant (motor torque to position). All parts of the plant shall be treated as linear systems, the electrical shall also be time invariant. It follows:
The transfer function ( ) describes the mechanical part of the plant which will be explained in the next section. The electrical part of the plant uses the current reference to generate a motor torque and can be described as:
The parameter is a motor constant and can be derived from the motor datasheet, is the equivalent time constant of the current cascade loop, which is typically ≈ 2 with being the power converter time constant. For in depth analysis of modeling the used electrical machine refer to [10] . Figure 2 Bode diagram of simulated two-mass system with respect to the motor side. For parameters see Table I .
The mechanical part of the plant mainly consists of an double-integrating-system with an elastic load. The integral of the motor torque ( ) leads to the speed ̇ and position .
Based on [10] the plant can be described with respect to the load side position or the motor side position . The first approach is to model the mechanical plant as an elastic load, thus being a two-mass system. The description of a two-mass system was developed in [10] and states the following:
The transfer function ( ) describes the characteristic between motor torque and load side speed ̇, whereas the transfer function ( ) denotes the motor side speed ̇ with respect to the motor side moment . The mechanical system can be split into a rigid coupled component ( ) and in the elastic coupled component ( ) or ( ) . The component ( ) is relevant for frequencies significantly below the respective resonance frequency 0 , which will be derived in the next section. The overall inertia is reduced by the elastic component for frequencies ≫ 0 . This can be observed in the typical bode plot of an two mass system in Fig. 2 . The system parameters d and c will be derived in the next section, the motor inertia Θ can be obtained from the motor datasheet whereas the load inertia Θ significantly depends on the mounted workpiece. This was derived in detail by [11] .
Dependent on the specific application it can be of interest to control the load side position or motor side position . The position is typically measured at the motor side via an encoder, so the load side position can be modeled via an observer. Nevertheless, the impact of the load side inertia and resonance can be observed at the motor side and therefore a notch filter can be used at the occurring resonance frequency. This will dampen the load side resonance without the need to observe the load side position. 
B. Modeling Peaks in Control Plants
Assuming the control plant is modelled as a multimass system, multiple resonance peaks are present in the system. In a typical machine additional mechanical resonances exist and can be observed.
The common way to represent a resonant system ( ) with resonance frequency 0 and damping D can be described as:
The quality factor Q can be used to describe the bandwidth B of the resonance peak seen in the transfer function of ( ):
The damping D and resonance frequency 0 can directly be measured in a physical system. An alternative representation utilizes datasheet parameters from a spring-mass systems with spring constant 12 , damper constant 12 and load inertia Θ . Using these parameters the following equations can be used which lead to ( ):
Mechanical resonances besides the multi-mass resonances are typically weakly damped and are visible as a sharp peak in a bode diagram of a system or spectrum of a signal. Thus, it is viable to use a small frequency step size, e.g. 5 Hz.
C. Defining a Frequency Neighborhood
Since the plant contains an open integrator, mechanical resonances occurring at high frequencies are naturally damped. Nevertheless they can deteriorate the controller performance and have to be detected as well as mechanical resonance frequencies occurring at lower frequencies (e.g. < 1000 ). It is therefore necessary to define a frequency neighborhood and measure peaks relative to it. The neighborhood shall be defined as a frequency band Δ close to each measured power sample. This can be achieved by calculating a moving average of this frequency band. If the power values are measured with a constant frequency spacing Δ this results in a constant moving average length M as follows:
In this paper the frequency band shall be 160 Hz which leads to = 32. Setting = 32 simplifies the needed scaling in the moving average calculation to a binary shifting which is less time consuming.
III. PROPOSED ALGORITHM
To properly detect multiple peaks simultaneously in the frequency domain on an embedded processor, the algorithm has to be resource efficient and real-time capable. The algorithm shall be resource efficient when it doesn't save more data than necessary and shall process information as soon as possible. It shall be real-time capable if it is possible to run during the control task on the processor and shall not use recursions or loops with unknown runtime.
A. Available Data
The authors have already presented a way to measure an online frequency response in a real-time embedded signal processor [2] . Based on this work the algorithm will capture N samples of the unfiltered current reference signal u in a buffer with a sampling frequency of = 4 . In closed loop the unfiltered control reference signal u offers a good representation of possible resonance frequencies. Furthermore this signal will be notch filtered if required, so only those resonances present in this signal are candidates for filtering.
The frequency identification algorithm will return a data tuple of a measured bandpass power during the last buffer time at frequency . This data tuple ⟨ | ⟩ can be used online to identify peaks.
B. Online Calculation
The algorithm can detect multiple peaks online due to the following principles:
1) Calculate a low-pass filter of the measured power values with an Integrated-Comb filter of length M. 2) Get a measurement for the relative peak with respect to the frequency band 3) Look for maxima in and keep the R highest peaks in a buffer for later post processing, if
≥ . can be described as:
To detect a relative maximum at −1 use the necessary requirement:
The data tuple of the maximum ⟨ −1 | −1 ⟩ and the surrounding neighbors ⟨ | ⟩and ⟨ −2 | −2 ⟩ will be saved in a buffer for post processing.
To increase the frequency accuracy the samples adjacent to the maximum can be used to interpolate a quadratic function:
The main interest is the maximum of (19). Due to the equally spaced frequency vector with Δ = the interpolated maximum can be described as:
The measured tuples are arranged such that ⟨ 2 | 2 ⟩ is the previously detected maximum and ⟨ 1,3 | 1,3 ⟩ are the surrounding values.
The parameter Δ will be set to 5 Hz in this paper and the parameter shall be in the range of 1.5 ≤ ≤ 2.
IV. SIMULATION
Simulations will be carried out in MATLAB and with a synthetic multisine signal fed to the signal processing system. A multisine signal stimulation can be described as:
The measured power of a signal can be described as:
Using = and ( ) = sin (2 ):
The used parameters are listed in Table II and the result of the scanned signal in the frequency domain is shown in Fig. 3 . Peaks are only recognized when the power sample values are significantly above the frequency band Δ . The measured peaks match the theoretical values stated in Table II . Fig. 4 shows the detected peaks in this signal. The peaks at 500 and 600 Hertz are detected, the signal at 530 Hertz is not detected due to the relative high powered "neighborhood". 
IV. MEASUREMENTS ON A MACHINE
Tests are also performed on a round table with a direct torque motor in a machine where in contrast to the simulation multiple unknown resonance frequencies are present in the system. The motor is connected to a frequency inverter where the implemented software code will be executed. The mechanical plant consists of a chuck system with a mounted pallet with attached workpiece. 
A. Performance Evaluation Method
The quality of proposed algorithm will be analyzed by measuring the frequency response of the position control loop as already used in [2] . Therefore the position reference signal is augmented with a PRBS excitation. The transfer function from position reference to measured motor position is then calculated by the MATLAB 'tfestimate()'-command, which uses the Welch-Method ( [12] , [13] ).
To reduce the effect of mechanical friction and nonlinearities in the current loop, the round table will be operated at a constant speed reference ̇. The transfer function will always be calculated for verification of the algorithm after the identification process has finished, thus leading to a stationary process. The displayed coherence is a normalized value indicating the trustworthiness of the calculated transfer function and can be calculated using the MATLAB 'mscohere'-command. For further details see [14] . 
B. Test Procedure
The parameters used to identify the resonance frequencies are listed in Table III . A workpiece is mounted on an ITS-Chuck system by EROWA. This workpiece forms a two-mass system with the round table and thus adds an extra resonance frequency, which can be observed in the actual speed signal ̇ and in the unfiltered current reference signal u.
C. Test Results
Fig . 5 shows the measured frequency spectrum of the unfiltered current reference signal u. The identified peaks are listed in Table IV . The threshold is set to the mean of the power signal, thus discarding some peaks with less effect on the overall machine performance. Especially the mounted workpiece is visible in the peak detector. 
V. CONCLUSION
This paper has used the frequency scanning algorithm developed in [2] to detect multiple resonance peaks in a single identification run. The proposed algorithm is a fast, real-time capable algorithm which uses the measured signal power relative to the average signal power in the "neighborhood". Therefore it is possible to detect local peaks. Real-time capable means operating during the measurement and processing samples as they enter the system sampled at 32 kHz. Peaks below an user defined threshold are discarded online to reduce the needed maxima saved in a buffer for post-processing. To achieve optimal performance the post-processing stage discards peaks too close to another.
The algorithm was tested with a synthetic multisine signal and afterwards transferred to a round table mounted on a machine. It was shown, that multiple resonance frequencies present in the system can successfully be detected with this algorithm. This contribution will improve the productivity of the machine due to a more robust and more accurate tracking performance.
Further works are planned to improve the notch filter width and depth parameter tuning and to develop methods to predict the effectiveness of notch filters.
